Abstract: Recycled Aggregates (RA) from construction and demolition waste (CDW) are a technically viable alternative to manufacture of asphalt concrete (AC). The main objective of this work is to evaluate the properties of hot asphalt mixtures that have been manufactured with different sources of CDW (material from concrete test specimens, material from the demolition of sidewalks and waste from prefabrication plants) from Cuba. Dense asphalt mixtures were manufactured with a maximum aggregate size of 19 mm, partially replacing (40%) the natural aggregate fraction measured between 5 mm and 10 mm with three types of RA from Cuba. Marshall specimens were manufactured to determine the main properties of the AC in terms of density, voids, stability and deformation. Additionally, the stiffness modulus of the AC was evaluated at 7 • C, 25 • C and 50 • C. The results corroborate the potential for using these sources of CDW from Cuba as a RA in asphalt concrete, thereby contributing an important environmental and economic benefit.
Introduction
Natural aggregates are a fundamental part of construction processes and they are essential to ensure the proper function of structural elements. Aggregates used in construction are extracted from quarries or deposits of sedimentary aggregates. However, given the demand for natural resources and the scarcity caused by overexploitation, alternative materials have been analyzed as a potential replacement. The key challenge is to use alternatives that do not alter the quality and functionality of the different structures [1] [2] [3] . Recycling and/or reusing construction and demolition waste (CDW) is an important issue to foster sustainable development and has become a focus of research efforts in recent years [4] . Currently, the use of waste generated in construction and demolition activities has become a technically viable alternative for the construction of road pavements [5] [6] [7] .
In Havana, Cuba, according to the National Office of Statistics and Information (ONEI), more than 1000 m 3 of CDW is generated daily [8] . The accumulation of this waste in landfills results in a significant waste management cost as well as pollution effects on the environment mainly due to the scarce policy provisions and a lack of adequate technology to manage this waste [9] . The Cuban government has set a number of priority goals during the period of 2016 to 2021. These include the promotion of social research to develop the scientific and technological potential of innovation and environmental systems.
The revalorization of the CDW is in line with the Cuban government's priority goals because the reduction of waste landfills is a key problem that requires a solution. The use of recycled aggregates (RA) is limited in the construction sector due to its lower quality as compared to natural aggregates.
Materials and Methods

Materials
To design the hot asphalt mixes, three fractions of natural limestone aggregate (0 to 5 mm, 5 to 10 mm, 10 to 19 mm) from the "Alacranes" quarry and RA sources of the 5 to 10 mm fraction were used. These were:
• ARPH; crushing of concrete specimens ( Figure 1a The samples from the concrete specimens (ARPH) and the Havana sidewalk waste (ARDA) were reduced in size by using a laboratory crusher. The retained aggregate in the sieves 5 mm to 10 mm was selected for the study. The remaining concrete after the mixture process and the discarded concrete after the fabrication of the slabs from prefabricated plant (ARPP) were selected as the waste. The aggregate from this source was not treated by crushing it but was selected by size using a sieving process.
The samples were oven dried at 70 • C and coated with a conductive film (Au-Pd) to examine the morphology of the three sources of RA (ARPH, ARDA and ARPP) with a scanning electron microscope (SEM). Figure 2 shows a micrograph sequence at 50 and 500 magnifications of the RA used as a coarse aggregate. The main observed cracks correspond to the ITZ between the mortar and the aggregate. The characteristic compositions of the three RA samples obtained by X-ray fluorescence (XRF) are listed in Table 1 . As can be seen, the chemical composition is similar in each different RA. Table 2 shows the average of three tests that obtained the specific weights and water absorption of the natural aggregates and the RA, according to the Spanish standard UNE EN 13043 [26] . Table 2 shows the properties of the asphalt used and the standards used to obtain the indicated values. The requirements of the asphalt used are also listed in Table 2 to verify the Spanish prescriptions while the specifications given in the Spanish standard UNE EN 12591 [27] are also presented. The characteristic compositions of the three RA samples obtained by X-ray fluorescence (XRF) are listed in Table 1 . As can be seen, the chemical composition is similar in each different RA. Table 2 shows the average of three tests that obtained the specific weights and water absorption of the natural aggregates and the RA, according to the Spanish standard UNE EN 13043 [26] . Table 2 shows the properties of the asphalt used and the standards used to obtain the indicated values. The requirements of the asphalt used are also listed in Table 2 to verify the Spanish prescriptions while the specifications given in the Spanish standard UNE EN 12591 [27] are also presented. The characteristic compositions of the three RA samples obtained by X-ray fluorescence (XRF) are listed in Table 1 . As can be seen, the chemical composition is similar in each different RA. Table 2 shows the average of three tests that obtained the specific weights and water absorption of the natural aggregates and the RA, according to the Spanish standard UNE EN 13043 [26] . Table 2 shows the properties of the asphalt used and the standards used to obtain the indicated values. The requirements of the asphalt used are also listed in Table 2 to verify the Spanish prescriptions while the specifications given in the Spanish standard UNE EN 12591 [27] are also presented. Table 2 shows that the three sources of RA have lower specific weights and greater absorption than the natural aggregate. This is due to the lower density of the mortar adhered which causes a decrease in the density of the RA [28] and a higher porosity. This higher porosity causes water absorption, according to UNE EN 1097-6 [29] standard. The asphalt used was 50/70. As indicated in Table 3 , all the values comply with the requirements. Hot Asphalt Concrete Design Four dense mixtures, which included a maximum size of 19mm were produced following the Marshall Method established in UNE EN 12697-34 [30] . The mixtures were designed by replacing 40% of the weight of 5 to10 mm natural aggregate fraction with RA. The replacement is the 7% of the total weight of the aggregates (Table 4) used to produce the mixture. To determine the optimum asphalt content, Mixture 1 was manufactured with 4.5%, 5.0% and 5.5% of asphalt content. The optimum asphalt content (OAC) obtained was 5%. All the mixtures, with CDW as a coarse aggregate, were produced with 5% of asphalt content. Table 4 shows the proportions used to manufacture each mixture. Figure 3 shows the size distribution of the mixtures designed. As can be seen, the curves in the three mixtures were continuously represented by a dense asphalt mixture, which meets the minimum and maximum requirements established by the Cuban standard NC 253 [31] . 
Experimental Methodology
X-ray Diffraction
To identify the mineralogical phases of the recycled aggregate used in the mixtures, the samples were reduced in size (<63 mm) using a Retsch PM 100 ball mill. The mineralogical phases were determined by X-ray diffraction (XRD) using a Bruker D8 Diffractometer. During the analysis, a voltage acceleration of 40 kV, a current of 40 mA and an angular sweep of 4° to 60° were used. The mineralogical phases of the samples were quantified by using a Rietveld analysis with the software PANalytical Highscore Plus, version 4.6. (Malvern Panalytical Ltd., Malvern, UK).
Marshall Method
To analyze the properties of the mixtures, the Marshall method established in UNE EN 12697-34 was used. The specimens were reduced to 75 strokes per side. Six specimens were manufactured. Three specimens for the stability and deformation tests and three specimens to determine the density and the percentage of voids. The values of the stability, deformation, voids in the mixtures (VA) and voids in the mineral aggregate (VMA) were determined. Then, the optimum asphalt content was established [32] . After this, the mixtures were designed with a partial replacement of natural aggregate by CDW in the fraction (5 to 10 mm). The stiffness of the Marshall modulus was determined according to the relationship between the stability and the deformation of each specimen.
Stiffness Modulus
The stiffness modulus of each mixture at different temperatures (7 °C, 25 °C and 50 °C) was obtained by observing the behavior of the mixtures at those temperatures. This was done to guarantee the bearing capacity of the mixtures throughout all seasonal temperature changes. The test was carried out following the UNE-EN 12697-26 (Annex C) [33] standard which requires an indirect tensile test on cylindrical specimens. To determine the stiffness modulus, the specimens were placed in the conditioning chamber for 24 h before the test was performed at the different test temperatures.
As for Marshall specimens, the samples were compacted to 75 strokes per side. Five test pulses were applied along the vertical diameter of each Marshall cylindrical specimen. The load had a rise time of 124 ms and a repetition period of 3 s which was equivalent to a frequency of 0.33 Hz. The 
Experimental Methodology
X-ray Diffraction
To identify the mineralogical phases of the recycled aggregate used in the mixtures, the samples were reduced in size (<63 mm) using a Retsch PM 100 ball mill. The mineralogical phases were determined by X-ray diffraction (XRD) using a Bruker D8 Diffractometer. During the analysis, a voltage acceleration of 40 kV, a current of 40 mA and an angular sweep of 4 • to 60 • were used. The mineralogical phases of the samples were quantified by using a Rietveld analysis with the software PANalytical Highscore Plus, version 4.6. (Malvern Panalytical Ltd., Malvern, UK).
Marshall Method
Stiffness Modulus
The stiffness modulus of each mixture at different temperatures (7 • C, 25 • C and 50 • C) was obtained by observing the behavior of the mixtures at those temperatures. This was done to guarantee the bearing capacity of the mixtures throughout all seasonal temperature changes. The test was carried out following the UNE-EN 12697-26 (Annex C) [33] standard which requires an indirect tensile test on cylindrical specimens. To determine the stiffness modulus, the specimens were placed in the conditioning chamber for 24 h before the test was performed at the different test temperatures. As for Marshall specimens, the samples were compacted to 75 strokes per side. Five test pulses were applied along the vertical diameter of each Marshall cylindrical specimen. The load had a rise time of 124 ms and a repetition period of 3 s which was equivalent to a frequency of 0.33 Hz.
The maximum load applied was selected to produce a maximum horizontal deformation of 0.005% of the diameter of the sample. The test procedure was repeated for a perpendicular diameter. A Poisson coefficient of 0.35 was used. The average stiffness of the five test pulses of the two diameters tested was recorded as the stiffness modulus of the AC sample.
Statistical Analysis
The one-way analysis of variance (ANOVA) was used to determine whether there were any statistically significant differences between the means of the hot asphalt mixtures parameters. The independent variables were: Density, VA, VMA, stability, deformation, stiffness modulus and horizontal deformation. The study was carried out with a 5% significance level. Moreover, the statistically different subsets were determined using Tukey's HSD test (p < 95%).
Results and Discussion
X-Ray Diffraction
In Figure 4 , the XRD diagrams of the three RA sources and the percentages of each mineral phase determined by Rietveld are shown. The main component of the CDW was calcite (CaCO 3 ) followed by dolomite. These are common mineral phases in concretes manufactured with limestone natural aggregates. In ARPH, 1.2% of Portlandite indicated that Portland cement had been used in the RA, which is typical in non-carbonated concretes. The presence of 3.7% of aragonite in the RA coming from the demolition of the sidewalk (ARDA) shows that it was one of the polymorphic forms of CaCO 3 , which indicates that it was a carbonated concrete [34] . Furthermore, it was also noted that the samples of the analyzed CDW had a homogeneous chemical composition and that they did not contain any type of contaminant (Table 1) .
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Marshall Analysis
As shown in Figure 5 , the density of the40% ARPP mixture is lower than the reference mixture (0% RA) due to the lower density of the RA compared to the natural aggregates (Table 2) . Contrarily, for the 40% ARPH and 40% ARDA mixtures, their densities are higher than the reference. During the compaction of those mixtures, the crushing process changed the particle size distribution of the fractured RA particles which caused a higher amount of fine particles in the mixtures. Those fine particles occupied the voids and resulted in a higher density in the mixtures.
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As Figure 8 shows, the deformation was greater for the mixtures with RA compared to the reference mixture. This was attributed to the mortar adhered to the RA, which reduced the adhesion of the RA to the asphalt. The mixtures with RA exhibited higher deformations than the limited values proposed by PG-3, which established a deformation range from 2.0 mm to 3.5 mm. However, the mixtures with RA presented greater stabilities than those established by PG-3. Therefore, it was concluded that the mixtures displayed good behavior. By incorporating 40% of RA in the 5 to 10 mm fraction, the deformation increased by up to 13%. VA and VMA in AC are related to its density. As the density of the mixture increases, the number of voids decrease and vice versa. As is observed in Figure 6a ,b, the VA of the 40% ARPP mixture increased due to the high porosity of the RA [18, 35] . Despite the low density of the RA, the40% ARPH and 40% ARDA mixtures had equal or lower amounts of voids than the reference mixture without RA due to the aforementioned compaction process. The VA (Figure 6a ) and VMA (Figure 6b ) are in line with the densities of all the mixtures (Figure 4 ) and meet the requirements proposed by Spanish standard PG-3 [36] . PG-3 proposes a range of 4% to 6% of VA for dense surface mixtures. All of the mixtures met the requirement. This increase in the mixture voids influences the durability of the mixtures. The greater the void content, the faster the aging process [16] .
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AC stiffness modulus between 2500 and 8000 MPa at 25 • C has been recommended [36] . In addition, the standard in Spain [38] proposed that these moduli should be between 3500 and 9500 MPa. Both of these recommendations are met for the mixtures analyzed.
According to Figure 9 , the highest values of the stiffness modulus are obtained for the ARDA and ARPP mixtures at 25 and 50 • C (the same results were observed in the stability values). At 7 • C, the highest value is observed in the ARPP mixture. At 50 • C, Alonso et al. [39] obtained a stiffness modulus of 924 MPa for a conventional mixture which has characteristics that are similar to the mixtures of this research. It is observed that the ARDA mixture behaved similarly to that analyzed by Alonso et al. [39] . It is important to point out that at 50 • C, the resulting deformations observed during the stiffness modulus test were not excessive or caused by the breakage of the analyzed specimens (Figure 10 ). Figure 10 shows the increase in deformation at higher temperatures. It can be noted that both the horizontal deformations and the Marshall deformations had similar behaviors for each of the different RA sources. However, the ARPP mixture at 50 • C showed a greater degree of horizontal deformation.
Horizontal Deformation
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Statistical Analysis
Conclusions
In this work, hot asphalt concrete mixtures manufactured with recycled aggregate from three different sources were evaluated. The recycled aggregate was used to partially replace (40%) the natural aggregate fraction measured between 5 and 10 mm. From the results obtained, the following conclusions can be drawn:
(1) The main mineral phases observed in the RA were CaCO 3 and dolomite. This was due to the origin of the aggregates used to manufacture the original Cuban concrete. properties. However, there was no significant influence in the Marshall stability, flow, stiffness and horizontal deformation.
In conclusion, the results of this research show the possibility of using RA from different sources of Cuban RA for partial replacement in the production of good quality hot asphalt mixes. Funding: This research was funded by Pavasal Empresa Constructora SA and the University of Alicante (Spain) through projects GRE13-03 and VIGROB-256.
